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EARLY OPERATION EXPERIENCE ON THE ERDA/NASA 100 kW 

WIND TURBINE 

By Jolin C. Glasgow and Bradford S. Linscott 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 

INTRODUCTION 


The 100 kW Expex-imental Wind 'Turbine is a part of the national wind 
energy program under the direction of the Energy Research and Develop- 
ment Administration (ERUA) . The NASA Lewis Research Center has 
designed, built and erected this machine near Sandusky, Ohio, and is 
currently testing it to obtain engineering data on large horizontal 
axis wind turbines. 

The wind turbine has a 125 foot diameter two-bladed rotor (ref. 1) 
which drives a 100 kW capacity synchronous generator through a step-up 
gear box. The rotor is positioned downwind of a 100-foot steel truss J 
tower as pictured in Figure 1. The tot or is designed to operate at 
constant speed of 40 rpm, and it drives a 480 volt 60 hz three-phase 
generator at 1800 rpm. Constant rotor speed is maintained by con- 
trolling the blade pitch angle with an active feedback control system. 
The rotor, generator, transmission and associated equipment are 
muuiited in a nacelle, Figure 2, which can be yawed to align the rotor 
with the wind. Power, instrumentation and control connections to the 
ground are made through slip rings. 

The turbine was designed to begin generating power in winds of 10 mph 
(100 feet) , Euad produce 100 kW at a wind velocity of 18 mph. In 
winds above 18 mph, the generator continues to operate at a 100 kW 
output by adjusting the pitch of the rotor to spill the excess wind 
energy. When the wind velocity exceeds 40 mph, the blades are 
feathered to bring the rotor to a stop in a horizontal position. A 
bralie is then applied at the high-speed drive shaft to lock the rotor 
blades against rotation. 

Final assembly of the machine was completed in September 1975 (ref. 2) , 
and it became operational in October. In December 1975 the machine 
first achieved its design speed of 40 rpm and produced 100 kW of 
power. During the course of these initial operations, data was talcen 
on the rotor, blades, the nacelle and the tower. Some of tliis data 
describes the coupled dynamic response of the machine. Selected 
portions of this data are presented and discussed in this report, along 
with a brief description of the instrumentation. 
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INSTRUMCNTATION 

The IHO kW wind L'Ui’bint^ data systeui pr*ovides appi'oxiraately 100 channels 
of real-time continuous information. Some of this data is dis-ussed 
below. 

1. Wind velocity and azimuth from a meteorological tower. 

2 . teim! velocity and nacelle yaw angle relative to the vand, 
from the wind turbine nacelle as shown in Figure 1. 

Tower deflections x and y. 

4. MacelLe aceel eratiuns k, y and z at the rotor shaft 
bearing KUppt)j't nearest to the rotor. 

5, Rotor blade pitch angle. 

b. Rotor blade bending moments, indicating beamwise (11^) and 
chordwise (M^j) bending at two stations along the blade span. 

7. Rotor shal't torque (Mz) and bending moments and My, 

8, Rotor speed and blade position. 

4. Alternator output. 

Figures 8 and 4 give a schematic representation of these measux’ements, 
their location on the wind turbine, and the sign convention of each. 

The data 1 ‘eported herein vtfere taken on stxvp chart recorders. Com- 
posites of this data is shorn in rigxires 5a through 8d. Each set of 
data is time correlated, the Tj_ and 1’2 lines referring to the 
same Instant of time from chart to chart. The time in seconds and 
the time when blade -1 passes tlirough the 290° point is indicated 
on the top and bottom of each data Figure. 

DLSCIISSION or TEST DATA 
Design Spe^d at R?ted Power 

'J’lie measured moment data shown in Figui’es 5a, 5b and 5c were talcen 
when the wind turbine was operating at 40 rpm and producing 100 kW of 
power. The wind was fi’om tlie south-west at 242°, with a velocity of 
2ft mph. The rotor horizontal axis of x*otation was oriented almost due 
east-west at 2b2°, or 20° off of the wind ilirection as indicated 
the meteorological tower*. Tlie meteorological tower is located 
about 700 feet southwest of the IQO kW wind turbine. The rotor 
blade beamwise bending moment (M!],^) shown in Figiire oa at blade radial 
station 40 var’ied from 0. to -130,000 ft-lbs foi* each rotor revolution. 
Negative beamwise bending moments cause the rotor blade to deflect out 
of the plane of rotation toward the tov^er structure. 

Wind speed measurements near the sides of the tower indicate that the 
wind velocity on the downwind side of the tower is substantially 
redueed t<?ith respect to the free stream wind velocity as a result of 
air flow blockage by the tower s’Tuetural members. As the rotor 
blade passes dowiwind of Llie tower, it enters a wind stream of rala- 
tively low velocity or the so-called "tower shadow.” Tire blade 
responds tu a combination of (1) the relative abstnuo l 1‘ wind Loads 



due to tower sliadow and (2) the continual bending moments induced by 
ceriti’irugal loads due to the I’otational speed and the 7° blade cone 
angle. The maxitnum bcamwise bending moment response oi the blade 
occurs at aJjOut “ = 

The bcainwise bending moment at radial station :i70 appears to be 
similar in wave i'orm and in phase with the beajuwise bending moment 
at station <10. as shown in Fi'^ure 5a. The wave i'orm and phase for 
tlie chordwise bemling moment at station 40 is generally similar to 
that at station 570, as seen in figure 5a. This implies that the 
blade Js bending similarly to a cantilevered beam. The magnitudes 
lor these mean and cyclic bending moments are suraiiarized in Table I. 
The blade pitch angle setting varied from -109 to -99 with respect 
to the chordline at 0,75 iv H- The low speed shaft torque shown in 
rigure 5b varied between 18,001) ft-ibs and 32,400 ft-lbs, while the 
power fluctuated from 93 kW to 100 kW. 

The tower displacements at the 83 ft. level varied from -.15 to +.4 
inches along the x direction as defined in Figure 5c, Tower dis- 
placements in the y direction were small compared to deflections 
In the X direction also shown in figure 5c. 

Data from the accelerometers mounted on the bearing support, nearest 
the I'otor blades were recorded as shoxm in Figure 5c. Fourier 
analysis of the data taken from the dccelerometer measuring vertical 
acceierations Indicates a high lOP [ID cycles per rotor 

revolution) content. Response from the accelerometer measuring 
horizontal acceleration (X^ indicares a combination of toxi?er 

and nacelle motion x\?Iien compared with the tower deflections at 83 ft. 

The data, shown in Figure b, xtfas tal>.en xi?hen the wind turbine xuas 
operating at <10 rpm and zero power. The wind velocity, xvind direction 
and nacelle direction, xvith respect to the wind direction, vM-ere 
identical to the conditions experienced during operation at design 
speed and rated pox^?er. 

As in the powered condition, the beamx^ise and chordwise bending 
moment xvave forms at blade radial station 40 are similar to the wave 
forms at station 370 shown in Figure 6. These mean and cyclic blade 
bending moments are summarized in Table I. Xt is noted that an 
inci^ease in blade mean and cyclic bending moments occur when the pox^er 
is reduced from 100 kW to 0 kW. For example, the beamwise mean bend- 
ing moment at station 370 Increased by 43'f- x^hen the pox-jer x?as reduced. 
The large increase in the mean blade beajmi?lse bending moment is due 
to a decrease in the tlirust loadijig on the blades during operation 
at zero power. As shoxm in Figure 0 the blade pitch angle Xx’as set at 
about -12.5*^ xdille maintaining 40 rpm at zei'‘o pox<?er 






emergency Feather 

During operation at MU rpm and 0. kW, a liquid, level sensor sensed 
a low jiydraullc oil level in the reservoir feeding" the hydraulic 
pump. The hydraulic pump supplies oil to the blade pitch contr'al 
actuatoi's through an eleotrO“hydra.uiic servovalve. When a low 
hydraulic oil supply is sensed, emei’gency shutdown is initiated and 
the control system automatically activates a rapid collective change 
in the blade pitch angle, the blade pitch angle changes from the 
operating pitclii angle ( . to the full feather pitch angle ( 90°) . 

This rapid blade pitch angle ciiange is referred to as an "emergency 
feather. '* 

The test data siiown in Figure 7 indicates that the blade pitch angle 
changed front -(i° to -89.^° in aljout 20 seconds. The rotor speed 
decreased from 40 rpm to 0 I'pm In aljout 23 seconds. 

Maximum beainwlse bending moments at station 90 and 370 occurred at 
1.7 and l.M seconds respectively after initiation of the emergency 
feather. At station 40, the maximum beamwlse bending moment 
measured was -100,000 ft-lbs and at station 370, -97,000 ft-lbs. 

A maximum ehm-’dwise bending mnment, at station 90, of -96,000 ft-lbs 
occurred 1.1 seconds aFter initiation ul the emergency feather, with 
ninments nppraacliing this value at 2.B and 9,8 seconds after initia- 
tion. The maximum value i'or shaft torsion, at 8,000 ft-lbs, occurred 
at 2.'i seconds alter initiation. 

.Sy.stem Response to Rotor Speed Variation 

rij^ures 8a through 8d pr'esent ti set of circumstances which depict the 
close interact 5 im between system dynamics and rotor speed. During 
this phase of operation tlie wind speed, indicated by the nacelle 
anemometel", was varying betvv’ccn 22 and 37 inph. 

It was difficult for the control system to maintain constant rotor 
speed as shown rn Figure 8a. Power output was constant at 90 kW. 

As rutoi- speed increases from 38 rpm to MO rpm chordwise motion of 
the rotor blades indicated by the bending moment traces, Mn, at 
stations 40 and 370 increased. Beamwise bending response also 
increases. The right hand half of the beamwise bending moment trace 
at station 90 shows a large cyclic or asymmetric motion of the rotor 
blades. Tliis is indicated by the two or three cvcies of symmetric 
response signals, in the station 90 ti’ace. At the same time, the 
rotor shaft torque, shown in Figure 8b, indicates a large 
oscillatory response to the inplane blade motions each time the 
rotor speed changes from 38 to 90 rpm. The towei' and nacelle also 
exhibit largo I’esponse during each occurr’enoe, as shovm in Figure 8c, 

This condition is illustrative of the importance of dynamic response 
considerations in the design of large wind turbines. For the 
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condition cited, a i*otoi* blade choi\U«se beiidlnj^ moment increase of 
SO and j’otor sbal’t torque oscillations with a peak-to-peak magnitude 
ol l.B times the design torque are experienced as the machine speed 
is v'ai'ied by only 2 rpm. This condition will require the selection 
of a new I'otor operatiJig speed, or some modirication of the rotor 
blades tliemselves to reduce the chordwise bending response at or 
near the selected rotor speed. Repeated occurrences of this con- 
dition during normal operation o*' the machine cannot be tolerated. 

We are currently assessing the various options available to correct 
tin's situation. 

Compai'lson of Test Data Wltii Analysis 

The MO.RTAB-WT computer program for analysis of rotor loads and 
response (ref. 3) was developed for use in the helicopter industry 
and has been adapted for wind turbine t'otor analysis. 

I'igure y piesents a comparison of predicted loads obtained from 
tile M0STAI5 program and tine measured data. Tlie loads predicted by 
analysis are sliown for two tower sliadow values, A V/V :;:r . 25 
(mild tower shadow) and 1.0 (maximum tower shadow). 

The effects of tower shadov; are modeled in the MUSTAB code by 
treating the shadow as a sector area of lower-velocity air, as 
depicted In Figure 10. As indicated in Figure 9, tower sliadow 
has a ma/ior infiiience on tine beamwise bending load on the blade. 

At the time of design, tower shadow was represented by a velocity 
decrement. .25 over a sector angle of 18°, which is con- 

sistent with the data presented in ref. 4. 

The recent tests showed blade loads which are significantly liigher 
than tlmse predicted using a velocity decrement of 0.25, Because 
of these higher loads, additional analysis i^as conducted in order 
to determine what velocity decrement is needed to produce these 
loads. The measured loads can be reproduced analytically by a 
velocity decrement /'>V V of 0.93, 

Recent wind tiiiinel tests conducted at NASA-Lewis have indicated 
that tower shadow velocity decrement can equal or exceed this 
selected value of 0.9 3 in small local areas dovMinwind of specific 
tower members, but the wind tunnel data do not support the use 
of tills large a velocity decrement over the entire sector area 
beliind the tower. 

The present MOSTAB simulation for loads analysis includes only 
one blade degree of Freedom and no nacelle or tower flexibility. 

Modi fieation of the MOSTAB computer simulation to include moi’e 
degrees of freedom in the rotor and the effect of tower and 
nacelle motion will result in an Improved simulation and will 
likely agree more closely witli the measured data. 

PAGE IS 
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Work is iifariii" rorapielion on liiis revised coinputei* program. Wien 
the program is eoiiipiete, we will liave eapabllity foi* including 
mult ipie degrees of J I’eedoin in the rotor and the dynamics oF the 
tuwej,‘. the nacelle, drive train and control system in addition to 
aerodynamics and performance considerations tliat we presently have. 

Concluding Remarks 

Testing of tlie 100 kW wind turbine to date iias been limited to a 
relatively few hours of total run time. However, this initial 
operation has already resulted in information valuable to the 
Wind k'nergy Program. 

i;arly test results have emphasized the importance of tower shadow 
considerations in rotor and tower deslgn.s. The initial designs 
were based on a tower-shadow velocity decrement of 2n percent, a 
value consistent with ref. M. Test results indicated tliat this 
tower sliadow did not adequately describe the Mod-0 case and that 
a substantially iiigher velocity decn-ement should be used. As a 
I'Gsult of impact of towei* sliadow on blade and tower loads, tower 
designs that reduce tovjer sliadow should be investigated in design 
studies, wind tunnel tests, and tests of wind turbines. 


nomi:nci.atorc 


i’ot-i)r blade* imoiiient (I'l'-ibs) 

rotor blade beoiuwlst* moment (ft-lbs) 

I'otoi* t)iade choi*dwise moment (i’t-Ibs) 

low speed shal t bending moments (rt-lba) 

low Kpeed Khai't corslon moment 

winil sijccti (iiuies pci’ hour) 

change in wind velocity (miles per hoar) 

1 rcc stj’ea!!; wintl veJ.oclty (miles per hour) 
hm.‘ii*:uata I axis normal to low speed shaft 
vertical axis normal to low speed shaft 
hnj'ijiontal axis parallel to low speed shaft 
i’otor azimuthal position (degrees) 
naoello angle nsoasured from magnetic north (degrees 
w.imi angle uiieasured fi'om magnetic noivh (degrees) 
naeeJ le angle at yaw relative to vjintl vectoi* 
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FIGURE 5c 40RPM 
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FIGURE 7 EMERGENCY FEAIHER 











BLADE 1 AT 29QP 

FIGURE Sa GUST RESPONSE (W/SHAFT OSCILLATION) 









FIGURE 8 b GUST RESPONSE (W/SHAR OSCILLATION) 
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BLADE 1 AT 290P 
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FIGURE 6c GUST RESPONSE (W/SHAFT OSCILLATIOM) 
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FIGURE ^ i GUST RESPONSE (W/SHAFT OSCILLATION) 
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